Objective. The purpose of this study was to enhance the findings of an earlier ultrasound-induced lung hemorrhage study (Ultrasound Med Biol 2003; 29:1625-1634) that estimated pressure thresholds as a function of pulse duration (PD: 1.3, 4.4, 8.2, and 11.6 µs; 2.8 MHz; 10-s exposure duration [ED]; 1-kHz pulse repetition frequency [PRF]). In this study, the roles of PRF and PD were evaluated at 5.9 MPa, the peak rarefactional pressure threshold near that of the ED 50 estimate previously determined. Methods. A 4 × 4 factorial design study (PRF: 50, 170, 500, and 1700 Hz; PD: 1.3, 4.4, 8.2, and 11.6 µs) was conducted (2.8 MHz; 10-s ED). Sprague Dawley rats (n = 175) were divided into 16 exposure groups (10 rats per group) and 1 sham group (15 rats); no lesions were produced in the sham group. Logistic regression analysis evaluated significance of effects for lesion occurrence, and Gaussian tobit analysis evaluated significance for lesion depth and surface area. Results. For lesion occurrence and sizes, the main effect of PRF was not significant. The interaction term, PRF × PD, was highly significant, indicating a strong positive dependence of lesion occurrence on the duty factor. The main effect of PD was almost significant (P = .052) and thus was included in the analysis model for a better fit. Conclusions. Compared with the findings from a PRF × ED factorial study (J Ultrasound Med 2005; 24:339-348), a function that considers PRF, PD, and ED might yield a sensitive indicator for consideration of a modified mechanical index, at least for the lung.
ltrasound-induced lung hemorrhage is a welldocumented in vivo bioeffect in mice, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] rats, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] monkeys, 21 rabbits, 7, 8 and pigs. 7, 8, [22] [23] [24] [25] Acoustic pressure lung hemorrhage thresholds have been estimated in mice, 1, [4] [5] [6] 9, 12 rats, 11, 12, 14, 17 rabbits, and pigs. [23] [24] [25] From these threshold studies, the pressure thresholds appear to be the same for mice, rats, and rabbits; pressure thresholds do not appear different as a function of frequency or beam width for mice and rats; pressure thresholds have a significant pulse duration (PD) trend for rats; and virtually every pressure threshold (normalized to the mechanical index [MI] ) is less than the US Food and Drug Administration (FDA) regulatory limit (MI < 1.9 Also, at superthreshold exposure conditions (in situ [at the pleural surface] peak rarefactional pressure, p r(in situ) , = 6.1 MPa), a 3 × 3 factorial design study (pulse repetition frequency [PRF]: 17, 170, and 1700 Hz; exposure duration [ED]: 5, 31.6, and 200 s) showed that the main effects of PRF and ED were not significant for lesion occurrence and sizes, whereas the interaction term (PRF × ED; total number of pulses) was highly significant. 18 These findings do not suggest, however, that PRF and ED did not have an effect. Rather, if either PRF or ED is held relatively constant, or varied over only a narrow range, then the number of pulses will appear as an effect of the nonconstant variable. These findings are consistent with those 1 that showed a slightly larger proportion of mice with lesions for 100-Hz PRF compared to 10-Hz PRF.
In general, however, the effect of exposure timing quantities (PD, ED, and PRF) on the threshold for ultrasound-induced lung hemorrhage and on the size of the lesions at superthreshold levels has been examined only to a limited extent. So far, only the interaction of PRF and ED has been examined. The interaction of PRF and PD has not been examined and thus is the purpose of this study for which the interaction term (PRF × PD) is the duty factor, the fractional amount of time the pulse is excited. Furthermore, this factorial PRF × PD study is an adjunct to the previously reported PD threshold study for which the PRF was held constant.
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Materials and Methods
Exposimetry
The exposimetry and calibration procedures have been described previously in considerable detail. 12, 17 A focused, 19-mm-diameter, lithium niobate ultrasonic transducer (Valpey Fisher, Hopkinton, MA) was used. Water-based (degassed water, 22 ± 0.5°C) pulse-echo ultrasonic field distribution measurements were performed according to established procedures 12, 27 and yielded a center frequency of 2.8 MHz, a fractional bandwidth of 12%, a focal length of 19 mm, a -6-dB focal beam width of 470 µm, and a -6-dB depth of focus of 2.7 mm.
An automated procedure routinely calibrated the ultrasound fields 12, 17, 28, 29 and was based on established standards. 28, 30 Briefly, the source transducer was mounted in a water tank (degassed water, 22 ± 0.5°C), and its drive voltage was supplied by a RAM5000 ultrasound system (Ritec, Inc, Warwick, RI). A calibrated polyvinylidene difluoride membrane hydrophone (model Y-34-6543; Marconi, Chelmsford, England), mounted to a computer-controlled micropositioning system (Daedal, Inc, Harrisburg, PA), scanned the ultrasound field along the determined beam axis. The hydrophone's signal was digitized with an oscilloscope (500 MS/s; model 9354TM; LeCroy, Chestnut Ridge, NY) and transferred to the same computer (Dell Pentium II; Dell Corporation, Round Rock, TX) that controlled the positioning system. The radio frequency data were transferred to a workstation and analyzed. Off-line processing (MATLAB; The Mathworks, Natick, MA) yielded the water-based peak rarefactional pressure [p r(in vitro) ] and the water-based peak compressional pressure [p c(in vitro) ]. The MI was also determined. 30 The purpose for providing the MI is because it is a regulated quantity 26 of diagnostic ultrasound systems, and its magnitude is available to system operators.
A total of 25 independent water-based calibrations of the 2.8-MHz transducer were conducted before, during, and after the 5-month period of the experiments; this study was conducted immediately after the PD threshold study 17 because the same PD-dependent calibration procedures were used. A set of in vitro pressure waveforms are shown in Figure 1 . At the exposure levels used in this study, the relative SDs (SD × 100/mean) were 17% for p r(in vitro) and 20% for p c(in vitro) .
The experimental protocol required the same p r(in situ) for all exposed animals. Rat chest wall insertion losses and thicknesses were used from previous experiments 11, 12, 17, 31, 32 to estimate the p r(in vitro) values that would correspond to the same p r(in situ) value. The actual p r(in situ) values obtained in this study were determined from the measured chest wall thicknesses (4.31 ± 0.13 mm) of the animals used herein, and the chest wall insertion loss (2.8 dB/cm at 2.8 MHz) was that previously determined. 31, 32 The calculated p r(in situ) value ranged between 5.84 and 5.95 MPa. Thus, a p r(in situ) value of 5.9 MPa was used for the study protocol ( One hundred seventy-five 10-to 11-week-old 258 ± 13-g (mean ± SD) female Sprague Dawley rats (Harlan, Indianapolis, IN) were randomly divided into 16 ultrasonically exposed groups (10 rats per group) and 1 sham group (15 rats); no lesions were produced in the sham group. The experiment was a 4 × 4 factorial design with 4 PRF groups (50, 170, 500, and 1700 Hz) and 4 PD groups (1.3, 4.4, 8.2, and 11.6 µs); the PDs used herein were the same as those used for the PD threshold study. 17 The value was approximately the same (5.9 MPa) for all ultrasonically exposed groups. The individuals involved in animal handling, exposure, and lesion scoring were blinded to the exposure condition. The exposure conditions for each animal were revealed only after the final results were tabulated.
Rats were weighed and then anesthetized with ketamine hydrochloride (87.0 mg/kg) and xylazine (13.0 mg/kg) administered intraperitoneally. For each rat, the skin of the left thorax was exposed by removing the hair with an electric clipper, followed by a depilatory agent (Nair; Carter-Wallace, Inc, New York, NY) to maximize sound transmission. A black dot was placed on the skin between the ribs at approximately the sixth to ninth rib to guide the positioning of the ultrasonic beam. The anesthetized rat was placed in a specially designed holder. The ultrasonic transducer was attached to the holder. A removable pointer, attached to the transducer, was used to position the ultrasonic beam perpendicular to the skin at the position of the black dot with the beam's focal region approximately at the lung surface. 11, 12, 17 The holder with the animal and mounted transducer was placed in degassed, temperature-controlled (30 ± 0.5°C) water. The lowpower pulse-echo capability of the exposure system (RAM5000) displayed on an oscilloscope was used to adjust the axial center of the focal region to within 1 mm of the lung surface; this exposure condition was the sham exposure ( Table 1 ). The PRF was 10 Hz, and the PD was 1.3 µs during the alignment procedure. All ultrasonically exposed animals received the same p r(in situ) of 5.9 MPa. Pulse repetition frequency (17, 170, 500, and 1700 Hz) and PD (1.3, 4.4, 8.2, and 11.6 µs) were randomly assigned to each animal. During exposure, each rat was observed for changes in its breathing pattern and respiratory rate; no changes were observed by the on-site veterinarian. After exposure, the rat was removed from the water and holder and then euthanized under anesthesia by cervical dislocation. The thorax was opened, and the thickness of each left thoracic wall (skin, rib cage, and parietal pleura) at the point of exposure was measured with a digital micrometer (accuracy, 10 µm; Mitutoyo Corp, Kawasaki, Kanagawa, Japan). These chest wall measurements were used for later calculation of the in situ ultrasonic pressures at the visceral pleural surface. The lungs were removed from each rat, and the left lung lobe was scored for the presence or absence of hemorrhage. The left lung was fixed by immersion in 10% neutral-buffered formalin until the tissue was adequately fixed. 33 Although satisfactory fixation can be obtained in 24 hours, the fixation period was greater than 1 week. After fixation, the elliptical dimensions of each lung lesion at the visceral pleural surface were measured with a digital micrometer in which "a" was the semimajor axis and "b" was the semiminor axis. The surface area (πab) of the lesion was calculated for each animal. The lesion was then bisected, and the depth "d" of the lesion within the pulmonary parenchyma was also measured. Each half of the bisected lesion was embedded in paraffin, sectioned at 5 µm, stained with hematoxylin and eosin, and evaluated microscopically.
Statistics
Our primary interests were to model the effects of PRF and PD on lesion occurrence, depth, and surface area in exposed lungs. Logistic regression analysis and Gaussian tobit analysis were used to assess the significance of PRF and PD on the occurrence and size of lesions as previously described. 15, 17, 18, 20, 25 All statistical calculations were performed using the R statistical software package. 34 The logistic regression models were estimated from occurrence data using the R function "glm," which calculated maximum likelihood estimates, SEs, and model statistics. 35 Let n ij denote the number of animals with pulse duration PD i and pulse repetition frequency PRF j , and let Y ij denote the number of animals exhibiting lesions at the combination of PD i and PRF j . Furthermore, assume π ij is the probability of a lesion for PD i and PRF j . As is well known, Y ij is then binomially distributed with the number of trials and event probability π ij . The full (saturated) model has the form To reduce the complexity of the saturated model (Equation 1 ), trend models were also considered, in which the log-odds depend linearly on numerical values of PD (in µs), PRF (in kHz), and their product, that is, (2) where β 0 is the intercept; β 1 is the PD coefficient; Data on lesion depth and root surface area (√surface area; the square root transformation was used to make the surface area data close to being normally distributed) were analyzed by Gaussian tobit regression. 37 The computations were performed using the "survreg" function in R. 38 Tobit regression is a model for nonnegative-valued responses with a threshold at 0. If the lung shows a lesion, then the response is the measured depth (or root surface area) of the lesion. If no lesion is present, then the depth is 0. Let Z ijk denote the depth (or root surface area) for the kth animal (10 in total) with PD = PD i and PRF = PRF j . The tobit regression model entails that Z ijk has a normal distribution censored below at 0. Let µ ij denote the mean of the uncensored normal distribution for PD i and PRF j , and let σ 2 denote its variance. If µ ij is positive, then µ ij is also the median lesion size (depth or square root surface area); whereas if µ ij is negative, then the median lesion size is 0. The saturated model for lesion size specifies that (3) where the coefficients satisfy the same constraints as in the logistic regression model (Equation 1 ). The trend model has the form (4) where the coefficients and variables are defined in the same way as in the logistic regression trend model (Equation 2). The tobit models were fit by the method of maximum likelihood using the "survreg" function in R, 38 and medians and 75th percentiles of lesion depth and surface area were computed from the final models for each combination of PD and PRF.
Results
The PRF and PD data for ultrasound-induced lung hemorrhage are shown in Figure 2 .
For the logistic regression on lesion occurrence, the likelihood ratio test of the trend model (Equation 2) versus the saturated model (Equation 1) was not significant (P = .17), indicating that the trend model was sufficient to model the data. Furthermore, the main effect of PRF in the fulltrend model (Equation 2) was not significant (P > .4); therefore, a simplified trend model depending only on the main effect of PD and the interaction PRF × PD was sufficient. Table 2 provides a summary of the final logistic regression trend model, including coefficient estimates, SEs, χ 2 values, and P values for tests that the corresponding coefficients are 0. The interaction term, PRF × PD, was highly significant in the simplified trend model, indicating a strong positive dependence of lesion occurrence on duty factor. The main effect of PD was nearly significant (P = .052) and was included in the final simplified trend model to ensure an adequate model fit for risk estimation. The observed proportions and estimated probabilities of lesions at all combinations of PD and PRF are given in Table 3 . Figure 3 shows the observed proportions of lesions and estimated probabilities as increasing functions of PRF × PD.
Hence, the probability of a lesion is positively associated with both the PD main effect and the product term PRF × PD, with the latter being the major term that affected lesion occurrence. Figure 4 provides the 4 fitted lines for log-odds of a lesion as a function of PRF (in kHz) conditional on each of the 4 PD levels. Given any PD value, that is, within each fitted line, the log-odds of a lesion is an increasing function of PRF. While for different PD levels, the fitted lines have different intercepts and slopes: as PD increases, the intercept (background log-odds of lesion provided PRF = 0) and slope (change in log-odds of a lesion when PRF varies 1 unit) both increase. Note that the slope for PD = 1.3 µs is relatively flat and that for PD = 11.6 µs is much steeper, which indicates a slow increase in probability of a lesion as PRF increases when PD is short and a quick increase of lesion occurrence as PRF goes up when PD is relatively long. Figure 5 shows the 4 fitted lines for log-odds of a lesion as a function of PD (in µs) conditional on PRF. Similarly, the fitted log-odds of a lesion is an increasing function of PD given PRF. As the main effect of PRF is not significant, the 4 fitted lines have different slopes but the same intercept.
The analogous tobit models were fit to the data on lesion depth and square root surface area. The final simplified trend models are summarized in Tables 4 and 5 . Similar to the results for lesion occurrence data, lesion depth and surface area also depend significantly on the main effect of PD (P = .02) and PRF × PD (P < .001), and the median lesion size exhibits a strong positive dependence on duty factor. Compared with logistic regression of occurrence, these models have an extra parameter (σ) to model the variation about the median lesion size. Tables 6 and 7 show sample 75th percentiles and 75th percentiles computed from the final tobit regression models for each combination of PRF and ED. These sample percentiles and model-based percentiles are plotted in Figure 3 to show the positive dependence between lesion size and duty factor. 
Discussion
The primary result of the 4 × 4 factorial analysis on rats is the statistically significant positive dependence of lesion occurrence and size on the interaction between PRF and PD as well as the main effect of PD, in other words, on the fraction of time that the ultrasound pulses are on and a single PD. The fraction of "on" time (duty factor) is the major effect. Overall, the trends for lesion depth and surface area are parallel with the probability trends in the logistic regression analysis of lesion occurrence. In our previous 3 × 3 factorial analysis on rats for which the interaction between PRF and ED was evaluated, p r(in situ) of 6.1 MPa was used 18 because an earlier PRF × ED study 11 resulted in saturation of the results (for which p r(in situ) was 12.3 MPa). To minimize the possibility of saturation in this 4 × 4 factorial, PRF × PD study, p r(in situ) of 5.9 MPa was used.
The 500-and 1700-Hz PRF results agree well with the PD threshold results. 17 The PD threshold study used a PRF of 1000 Hz; thus, the 500-and 1700-Hz PRFs bracketed the PD threshold study; ED of 10 s and the 4 PDs were the same for both studies. The 500-and 1700-Hz PRF results for the 4 PDs fall within the range of those results of the PD threshold study at a p r(in situ) of 5.9 MPa ( Figure  6 ). Also, this value is in the range of the ED 50 values in the PD threshold study, 17 for which, at a PRF of 1000 Hz, the ED 50 occurrence estimates monotonically decrease from 6.7 MPa (for 1.3-µs PD) to 5.5 MPa (for 11.6-µs PD).
The p r(in situ) value of 5.9 MPa at a frequency of 2.8 MHz is greater than that allowed by the FDA. 26 The measured MI was 3.24 ± 0.02, whereas the FDA's limit is 1.9. The purpose of selecting this exposure level was to study the biophysical response, thus requiring a level that would ensure an effect. Other studies have experimentally estimated pressure thresholds, 1, [4] [5] [6] 9, 11, 12, 14, 17, [23] [24] [25] and these thresholds are typically less than an MI of 1.9. However, the selection of PRF and PD falls within the clinical diagnostic range. Typical gray scale B-mode imaging uses PRFs in the range of 500 to 2000 Hz, and blood flow measurements use PDs in the range of about 1 to 8 µs. In comparing the results of this article with previous results, the lack of main effects for PRF does not necessarily suggest that this variable has no effect, rather that the strongest effects are the PD and the duty factor (PRF × PD). If PRF is held constant, as it was for the PD threshold study at 1000 Hz, 17 then the duty factor might appear as an effect of the nonconstant variable. However, when comparing the ED 50 occurrence and size estimates in the PD threshold study, the 2 most extreme PDs (1.3 and 11.6 µs) were nonoverlapping even though the downward trend of the ED 50 occurrence (upward trend in the occurrence probability of a lesion) as the PD increased was significant despite the uncertainty in estimating the ED 50 thresholds. This thus suggests that the PD is also a weak effect, an observation consistent with the statistical model. Also, our results do not appear to be consistent with those 1 that reported in mice that there was no duty factor effect when comparing 100-Hz PRF with 1000-Hz PRF (PD constant at 10 µs); however, given the weak PRF effect reported herein, their reported result may be due to the fact that only PRF was changed. On the basis of our previous 3 × 3 factorial, PRF × ED study, we suggested that the MI definition may need to consider the number of pulses (product of PRF and ED) rather than the individual variables. 18 Our current 4 × 4 factorial, PRF × PD study supports this view, namely, the MI definition may need to consider a combination (possibly product) of individual variables rather than the individual variables. Duty factor, the product of PRF and PD, has been shown to be statistically significant for lesion occurrence and size. Likewise, a similar finding was shown to be statistically significant for the product of PRF and ED. 25 Perhaps a function that considers PRF, PD, and ED might yield a sensitive indicator for a modified MI, but the experiment to determine this has not yet been performed. Furthermore, because of the consistent frequency-independent ultrasound-induced lung hemorrhage findings (frequency is included in the MI determination), it is suggested that a new index for diagnostic ultrasound regulatory purposes be considered to quantify nonthermal mechanisms, at least for the lung.
